The design of molecular complexes of earth-abundant first-row transition metals that can catalyze multielectron C-H bond activation processes is of interest for achieving efficient, low-cost syntheses of target molecules. To overcome the propensity of these metals to perform single-electron processes, redox-active ligands have been utilized to provide additional electron equivalents. Herein, we report the synthesis of a novel redox active ligand, [ (1) or Co (1-Co)) salts.
Introduction
A constant area of interest in synthetic inorganic chemistry is the preparation of highly active molecular catalysts for the functionalization of simple commodity chemicals to form complex ne chemicals. [1] [2] [3] [4] [5] [6] [7] [8] [9] While many types of reactions are needed to build complex molecules, one key transformation is the activation of unfunctionalized C-H bonds. [10] [11] [12] [13] [14] [15] This reaction is important both in the early stages of molecular synthesis for the conversion of hydrocarbon feedstocks to synthetically useful building blocks and in the late-stage introduction of functional groups in complicated target syntheses. Progress has been made in the eld of homogeneous catalysis, with numerous examples of highly active and selective catalysts reported in the literature. 16 However, the vast majority of these successful catalysts employ expensive second-and third-row transition metals such as palladium and iridium. Renewed efforts have been devoted to replacing these precious metals with earth-abundant rst-row transition metal catalysts that are more environmentally and economically benecial. 8 The development of rst-row transition metal catalysts for C-H bond activation is complicated by the propensity of these metal ions to perform single electron transfer processes. Although two consecutive single electron transfer processes can lead to productive C-H bond activation, 17 the likely occurrence of unwanted side reactions in these radical pathways is a constant detriment to the yield and selectivity of the reaction as well as to the lifetime of the catalyst. One approach for improving the function of rst-row transition metal catalysts in multi-electron transformations is the development of redoxactive ligand frameworks that can supply or store electrons during the reaction. [18] [19] [20] [21] [22] [23] [24] [25] [26] These ligands contain frontier orbitals that have energies similar to those of the metal centers they are coordinated to, which allows the redox events to be localized on the ligand instead of the metal center. The utility of this approach has been demonstrated by the reactivity of d 0 metals supported by redox-active ligands in multi-electron transformations, such as the reduction of aryl azide by Zr(IV) and Ta(V) centers to form M-imido complexes.
23,24
We have designed a new redox-active ligand that endows Fe and Ga III complexes with rich electrochemical properties. The ligand contains a bis(aminophenyl)aminate ([NNN] 3À ) framework whose redox activity has been previously studied. [23] [24] [25] [26] [27] [28] Our ligand differs from those of the previous studies through the Cite this: Chem. Sci., 2018, 9, 6540
All publication charges for this article have been paid for by the Royal Society of Chemistry functionalization of the redox-active framework with two sulfonamido units (Fig. 1) , which we and others have shown can produce metal complexes with diverse structures and functions. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] For this study, we have incorporated sterically encumbering triisopropylbenzene groups to support the formation of a coordinatively unsaturated monomeric Fe II complex. We demonstrated that the metal center remains accessible to endogenous ligands by producing bipyridine adducts whose oxidative properties we have also dened. This Fe II complex of bipyridine exhibited the ability to perform multi-electron processes, including C-H bond amination via azide activation.
Results

Preparations
The ligand precursor N,N 0 -(azanediylbis(2,1-phenylene)) An alternative method for the synthesis of 2 was developed in which the iron center was introduced into the complex via FeBr 3 (Scheme 2A). Aer recrystallization from toluene/pentane, the isolated product had a molecular formula of [Fe(ibaps)(DMA) 2 ]. The molecular structure of this product was determined by Xray diffraction methods and revealed that the two DMA molecules were coordinated to the Fe center through their carbonyl O atoms (Fig. S1 , and at À1.10 and À0.15 V in DMF (Table 1) . However, the third reversible oxidation observed in CH 3 CN was irreversible in THF and DMF, and additional redox features were introduced that were not observed when the scan was stopped at 0.4 V ( Fig. S8 and S9 †). This third oxidative feature occurred at nearly the same potential as that in
. The cause(s) of the instability of 1 in THF and DMF aer the third oxidation is still under investigation. In addition to the three oxidative events observed for 1, the complex exhibited reversible reduction chemistry, with one event observed in CH 3 CN at À2.09 V (Fig. 2) . We suggest that this reduction is ligand based; however, the [ibaps] 3À ligand is already in its most reduced form, so this reduction is localized on the bpy ligand. Similar potentials have been observed for the reduction of bpy in other transition metal complexes.
43,44
Additional reduction events were observed for 1 in THF and DMF at potentials of À2.74 V (THF) and À2.59 V (DMF) when the potential was scanned more negatively; the currents of those peaks were generally 30% lower than those found for the other couples ( Fig. S6 and S7 †).
To determine which oxidative event corresponds to the M Fig. S6 and S7 †).
Molecular structures
The molecular structure of 1 was determined by XRD methods, which conrmed that the complex is ve-coordinate. However, only a low-resolution structure could be determined (Fig. S10 †) . To gain additional structural insight into the complexes with the [ibaps] 3À ligand, we prepared and analyzed the molecular structure of the corresponding [Co II (ibaps)bpy] À complex (1-Co), which gave higher resolution data (Fig. 3) ; 1-Co was synthesized analogously to 1 except CoBr 2 was used for metalation. The discussion of the Co II analog is conned to these structural ndings, and the full details of this complex will be published elsewhere. An overlay of the molecular structures of 1 and 1-Co indicated that these two complexes adopt similar solid-state coordination geometries (Fig. S11 †) . In both complexes, the structure around the metal center is best described as midway between square pyramidal and trigonal bipyramidal. This assessment is based on the trigonality structural parameter (s 5 ), which ranges from s 5 ¼ 0 for a square pyramidal geometry and s 5 ¼ 1 for a trigonal bipyramidal geometry: the structure of 1-Co has a s 5 value of 0.51 (Table S4 †) . 46 One of the N-atom donors of the bpy ligand coordinates almost exactly opposite of the deprotonated amine (N1) in 1-Co with an N1-Co1-N4 bond angle of 177.2 (1) , which lengthens the Co1-N4 bond distance by 0.055(3)Å relative to the Co1-N5 bond length (2.132 (3) Table S4 , † and the data for the second molecule of 2-Co are listed in Table S5 . † The [ibaps] 3À ligand in 2-Co is still coordinated in a meridional manner, but statistically signicant differences in the metrical parameters are observed around the Co1 center relative to those found in 1-Co. For instance, a shortening of all the Co1-N bond lengths by 0.10-0.19Å was observed in 2-Co. In contrast, only small differences between the two complexes were found in the bond lengths within the aryl backbone of the [ibaps] 3À ligand (Fig. 4 , Table S4 †).
The molecular structure of 2 was obtained, but it was also a low-resolution model (Fig. S13 †) . Nevertheless, the qualitative changes in the bond lengths between 1 and 2 followed a similar trend as that observed for the Co analogs, albeit with smaller overall differences. For example, the differences in the Fe-N ibaps bond lengths between 1 and 2 range from 0.05-0.10Å, with smaller changes observed in the Fe-N bpy bond distances (Fig. 4 , Table S4 †). Note that the trend of smaller changes in the bond lengths between 1 and 2 relative to their Co analogs has also been reported in other systems, suggesting that the Fe-N bond distances may not be very sensitive to oxidation.
Electronic absorbance spectroscopy
Consistent with our electrochemical studies, the addition of one and two equiv. of ferrocenium into UV-vis-NIR samples at À80 C in THF generated species with new electronic absorbance spectra (Fig. S14 †) . The one-electron-oxidized complex 2 contained a band at l max (3 M ) ¼ 640 nm (5646) with a shoulder at 550 nm ( 
Mössbauer and EPR spectroscopies
To gain insight into the electronic structures of the singly and doubly oxidized species of 1, Mössbauer and EPR spectra were recorded for a titration series of an Fe II center. 47 The addition of 0.5 equiv. of ferrocenium resulted in a 50% loss of 1 and generation of 50% of 2 which is a paramagnetic species (Fig. 5B) . For 1 equiv. of ferrocenium (Fig. 5C ), the doublet from 1 vanished and only 2 was present with an d ¼ 0.69 mm s À1 and DE Q ¼ 2.55 mm s À1 . For an independently prepared powder sample of 2, the paramagnetic spectrum collapsed into a single doublet with the same parameters. The absence of paramagnetic features was caused by intermolecular spin-spin interactions in powder, which caused high spin relaxation rates. Aer addition of 1.5 equiv. of ferrocenium (Fig. 5D ), 50% of 2 was lost and 50% of 3 was observed. For 2 equiv. of ferrocenium (Fig. 5E) 47 and the observation of diamagnetism indicates a spin interaction with a ligand radical.
The EPR spectra of the same titration series (Fig. 6) showed the growth and decay of an S ¼ 5/2 species with g-values at 9.02, 5.17, and 3.73 that is attributed to 2. These samples had a minor variable amount of a rhombic S ¼ 5/2 species at g ¼ 4.3 which amounted to <10% of the iron in the samples. Complex 2 was formed in the greatest amount aer the addition of 1 equiv. of ferrocenium and its spin concentration was in agreement with the concentration of the starting complex 1.
Complex 2 has an isomer shi that is intermediate between Fe
II and Fe III centers indicative of partial oxidation of the Fe center owing to a change in the covalency of the Fe-ligand bonds. 47 Moreover, the quadrupole splitting is inconsistent with high-spin Fe III centers. 47 Fig . 5 and 6 show simulations for an 
For large ferromagnetic J, the resulting spin system is S ¼ 5/2. The A-tensor is highly anisotropic which is again inconsistent with high-spin Fe III . While the simulations approximately agree with experiment, this isolated spin description of the complex is an approximation owing to the metal-ligand bond covalency and presumed spin delocalization. There were additional resonances in the EPR spectrum near g ¼ 9 that
are not yet understood. These additional resonances were reproducible over multiple independently prepare samples and were best observed at 6 K (Fig. 6C, blue trace) . Our analysis of these additional resonances could not be attributed to different species with S ¼ 5/2 spin states.
Reactivity studies
The two-electron chemistry observed for 1 prompted us to explore whether it could serve as a catalyst for the C-H bond amination of aryl azides.
48-52
The substrate 1-azido-2-propylbenzene was used to evaluate the ability of 1 to catalyze the intramolecular amination of non-activated secondary C-H bonds (eqn (1)). The initial screening showed that 1 was unable to catalyze this reaction at room temperature; however, catalysis was observed when the reaction was heated to 115 C. No reactivity was observed for 1-Co. Moderate reactivity at a 10 mol% loading of 1 was observed in 4 : 1 toluene : DMF to afford a 25% yield of 2-methylindoline (Table S6 , † entry 1). Loadings of 20 and 50 mol% of the Fe II complex gave only modest increases in the yield of 2-methylindoline (Table S6 , † entries 2 and 3). The reaction performed in neat DMF gave the highest yield of the indoline product (57%) ( Table S6 , † entry 7), whereas the reaction in DMA afforded a lower conversion of indoline (27%) (Table S6, † entry 8), as did the reaction in CF 3 -toluene (17%) (Table S6, † entry 9). This solvent trend suggests that the cyclization pathway towards the indoline product was favorable in more polar solvents. Control reactions with Fe(OAc) 2 /bpy, only H 3 ibaps, and without 1 showed no product formation, and only 1-azido-2-propylbenzene was observed via gas chromatography (GC) ( Table S6 , † entries 10-12).
We also examined a more common substrate that can undergo intramolecular amination of a benzylic C-H bond. Under the optimized conditions found for the reaction with 1-azido-2-propylbenzene, 1-azido-2-phenethylbenzene was converted to the corresponding 2-phenylindoline product in 96% yield (eqn (1)). When 1-azido-4-methoxy-2-phenethylbenzene was used as the substrate, the corresponding indoline was produced in a yield of 77%. However, attempts to activate primary C-H bonds were not successful; no indoline was observed from reaction with 1-azido-2-ethylbenzene. Similar results were found for 3, in which the Mössbauer parameters indicate a ferric center, whereas the optical spectrum shows peaks that match those expected for the quinonate state of the ibaps ligand. These inconsistent data make it difficult to determine the exact assignments of the oxidation levels of the Fe center and the ibaps ligand in these complexes.
Reactivity
Complex 1 converts aryl azides to heteroaromatic compounds via intramolecular C-H bond activation. Amination at a benzylic position was accomplished using 1-azido- a similar approach as that of 1 in which a 3d transition metal ion is coupled with a redox-active ligand to perform a twoelectron process. Complex 1 also performed intramolecular C-H amination at an aliphatic position, as demonstrated by the production of 2-methylindoline in a moderate yield when 1-azido-2-propylbenzene was used as a substrate. Amination at a secondary carbon center is rare but has been observed in reactions with an Fe II (dipyrromethene) complex as well as simple FeBr 2 salts. 52, 53 The FeBr 2 systems, however, require 20 mol% catalyst loadings and lead to exclusive formation of the indole products as opposed to the indoline products observed in our systems.
The high temperatures needed to perform these intramolecular C-H amination reactions led us to consider the possibility that other species could be catalyzing these reactions. For iron complexes, one potential species is Fe nanoparticles, which can form from traces of water or dioxygen. Dynamic light scattering experiments were done on the reaction mixture, and particles with an average diameter of 5 nm were observed (Fig. S14 †) . The exact nature of the active catalyst is currently unknown and studies are being performed to determine the role, if any, the nanoparticles have on the amination; however, no reactivity observed under the Fe(OAc) 2 /bpy conditions suggests that the ibaps ligand system affects the catalytic outcome.
Conclusions
We have developed a trianionic redox-active ligand that readily forms a ve-coordinate Fe II complex, 1, with bpy as an ancillary has been appreciably oxidized to the semiquinonate form. The ability of 1 to perform two-electron chemistry was further illustrated in reactivity studies toward intramolecular C-H bond activation at benzylic and aliphatic carbon centers, and these studies show the promise of this molecular approach for developing catalysts with earth-abundant metal ions.
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